In this paper, by using the concept of Conditional Value at Risk (CVaR), a LeaderFollower game (LFG) based multi-objective optimization model is developed to determine the optimum 12-month operation policy of a reservoir in potential future dry periods. The minimization of CVaRs of storage loss and agricultural and environmental deficits along with maximization of planned allocation to agricultural sector are considered as leader's objectives, while the followers try to maximize their share of water rights using Nash bargaining (NB) method. This framework is then used to model the operation policy of Dorudzan basin in Fars province, southwestern Iran. Water demand and daily climate data in the period of 2003 to 2015 for this basin, as well as future projections from fifteen IPCC-AR4 global circulation models (GCMs) for 2018-2030 under A2, B1 and A1B emission scenarios are considered to evaluate future dam operation policies. Future projections are downscaled using the LARS-WG model, which then feeds the HMETS watershed model to simulate the corresponding reservoir inflow time-series. Thereafter, three-hundred 12-month rainfall, evaporation and inflow time series with least inflow volume are used as input for the optimization model, which is solved using NSGA-II and GA algorithms. The results show while the model can determine the operation policy that keeps the associated risks in the acceptable range, it can satisfy the followers demands with respect to the available resources. The results also show that the agricultural sector of the study area can be hugely affected by potential future droughts.
Introduction
Many factors including economic considerations play into optimal reservoir water allocation especially in developing countries (Sadegh and Kerachian 2011; Chang and Wang 2013) . In other words, optimum water allocation of a reservoir tends to maximize the total benefits of the system considering the historical water rights, the relative power of different stakeholders and the physical constraints of the system (Sadegh et al. 2010 ). Optimization models also pursue minimizing the impact of water shortages as one objective of dam operation policy development (Hirayama et al. 1996; Sethi et al. 2006; Hossain and El-shafie 2013) . While numerous studies are devoted to developing optimization models for reservoirs, less consideration has been given to the system management, the incremental benefits of negotiation among stakeholders, and the uncertainties of resource availability in dry periods. This issue has resulted in obtaining results that are usually difficult to implement in real-world and highlights the need for an integrated risk-based conflict resolution model considering the management hierarchy to obtain improved water allocation in future drought condition.
In a common pool system, it is challenging to model the interactions of stakeholders that properly represents the decision making structure. Leader-follower game (LFG) method is proposed as a tool for modeling such a decision making structure in which one authoritarian entity decides the quantity of water release from a reservoir and stakeholders compete for the available resources (Benchekroun and Long 2001) . Application of the LFG model for reservoir operation (Chen et al. 2017 ) is possible with determination of objective functions of the leader(s) and followers. It is important in this system to evaluate the uncertainties related to the components of the system, and to classify the operation period to dry and wet intervals, with maximization of profits and reduction of water shortages as the final goals of the system (Maqsood et al. 2005; Graveline 2016 ). Potential objective function of the leader(s) is to identify optimal allocation of water resources that minimizes water deficit risks specifically in dry periods (Haro et al. 2012) , and the objective function of the followers is to maximize the benefits of the sub-basin area (Singh et al. 2001; Guo and Huang 2009; Su et al. 2011) .
We develop an LFG model wherein the water district and agricultural sectors of the Dorudzan Reservoir in Fars province, southwestern Iran, are considered as leader and followers, respectively. It is worth mentioning that the leader is obliged to completely supply domestic and industrial water demands. So, the competing sectors are environmental and agricultural sectors. Hence, we present optimal release policy and crop patterns with the objective functions of 1. minimization of the Conditional Value at Risk (CVaR) of agricultural water deficit, 2. minimization of CVaR of environmental water deficit, 3. minimization of CVaR of storage loss at the end of the agricultural year, and 4. maximization of planned allocation to agricultural sector in potential future dry periods. CVaR, a widely used risk analysis method Uryasev 2000, 2002) , is used as the objective function of the leader to account for the losses exceeding the conventional Value at Risk (VaR) (Gupton et al. 1997; Claessens and Kreuser 2004; Zhang and Guo 2017) . In other words, the CVaR concept is employed to minimize the associated risks of release policy during the episodes of water scarcity. As for the followers, limited resource availability raises conflicts among them (Nandalal and Simonovic 2002) , which in turn can be addressed using bargaining methods. In our case, Nash bargaining method (Nash 1953) is utilized to find an equilibrium state for the followers (Safari et al. 2013; Khorshidi et al. 2019) . The novelty of this proposed model is that the decision making structure in determination of dam operation policy, which is usually of top-down type, is modeled using LFG method. Moreover, a risk-based approach using the concept of CVaR is adopted to determine a safe operation policy for the dam and an economically favorable crop pattern for agricultural sector in future drought conditions.
Study Area
Dorudzan Basin (Fig. 1) includes a reservoir which plays a crucial role in supplying agricultural, domestic, industrial and environmental water demands to the sub-regions located in the downstream of the Dorudzan dam, Fars province, southwestern Iran. This region, however, is affected by temporally extended natural and anthropogenic (AghaKouchak et al. 2015) droughts; and mismanagement and the lack of an optimum and robust reservoir operation policy threatens the environment and economy of the area due to water scarcity. The Dorudzan dam with 993 MCM (10 6 m 3 ) and 133 MCM capacity and dead storage, respectively, (Goodarzi et al. 2014 ) is located on the Kur River, with a 4372 km 2 watershed area that is bounded between longitudes of 51°43 ′ and 52°54 ′ East and the latitudes of 30°08 ′ and 32°00 ′ North. The current storage of the reservoir is 630 MCM. Also, the historical annual maximum, minimum and average annual flow at the reservoir entrance are 3490, 197 and 912 MCM, respectively. Furthermore, the Dorudzan reservoir is tasked to supply the irrigation of about 86,800 ha of downstream arable land, which are divided into five zones ( Fig. 1) based on their independent irrigation networks. The agriculture of the area is reliant on producing seven types of crops namely wheat, barley, canola, sugar beet, grain maize, silage maize and rice. The necessary data for the proposed framework are collected from Fars Regional Water Authority. These data are provided in Supplementary Material section S1 and includes 1. daily climate time-series (available in the period of 2003 to 2015), 2. crops' costs, prices, yields (Table S1 ) and water needs in each region (also accounting for the efficiency of the irrigation networks, Fig. S1 ), 3. the reservoir's area-volume-elevation curve, and industrial, domestic and environmental demands (Fig. S2) , and finally 4. maximum and minimum allowable crops' cultivation area in the five zones (Table S2) .
Methodology
Our framework is composed of three main steps (Fig. 2) . After gathering necessary data, in the first step, the available climate and hydrologic data are used to generate possible future reservoir inflow time-series in dry periods. For this purpose, available daily evaporation and precipitation historical record of Dorudzan basin, from 2003 to 2015 are used to calibrate and verify LARS-WG climate model (Semenov and Barrow 2002) . Also, these daily data as well as daily reservoir inflow during the same period are used to calibrate and verify HMETS rainfall-runoff simulation model (Martel et al. 2017) . Then, using 15 accepted GCMs (Table S3 ) of the IPCC's fourth assessment report (Solomon et al. 2007) , daily climate data for the watershed area under A2, B1 and A1B emission scenarios in the period of 2018 to 2030 are generated. These climate projections are used as forcing for HMETS model to generate projected daily reservoir inflow during 2018-2030. Thereafter, the 35 (3 emission levels and 15 models) 13 years long future projections are converted to 455 one-year scenarios, and 300 of them with least annual inflow volume are selected as possible future dry scenarios. These 300 one-year reservoir inflow as well as their corresponding evaporation and precipitation time-series are considered as representatives of possible future drought conditions. Details about GCMs, emission scenarios and calibration and verification procedures of LARS-WG and HMETS model are provided in Supplementary Material sections S2 and S3.
In the second step, these inflow time-series together with their respective precipitation and evaporation time-series are used as inputs to the risk-based multi-objective LFG model in order to determine the best reservoir operation policy in the potential future dry periods. In this study, the leader's decision model is optimized by NSGA-II (Deb et al. 2000 (Deb et al. , 2002 Nikoo et al. 2014; Raei et al. 2017; Khorshidi et al. 2018) and the followers' model is optimized by the Genetic Algorithm (GA; Holland 1992). Then, a widely used Multi-Criteria Decision Making (MCDM) method named as TOPSIS (Yoon and Hwang 1981) is used to select the most preferred alternative among the pareto-optimal solutions. In the following sections, the steps involving the proposed framework are discussed in more details.
Leader-Follower Game Theory Model
The proposed model consists of two layers, as in LFG method, due to structure of making decisions in the case study where an authority agent has the power of determining general policies of allocating resources, and the water users have to engage in a bargaining process aiming to maximize their benefits. The users do not know about the authority agent's decision before the agent moves, but the agent knows how the users would respond to its decision (Safari et al. 2013) . Hence, the proposed LFG model is two-layer nested optimization model. Determining precipitation time-series over the watershed area by Thiessen Polygon method.
Step 1: Generating future drought inflow time-series
Generating climate forcing time-series for 2018 to 2030 period under A2, B1 and A1B emission scenarios by using 15 GCMs and LARS-WG as downscaling tool.
Generating the corresponding reservoir inflow by calibrating HMETS rainfall-runoff simulation model using available daily time-series of 2003 to 2014 period.
Determining 300 inflow time-series with least volume of annual inflow.
end
The leader determines the annual volume of water which is planned to be allocated to agricultural and environmental sectors as decision variables (supplying all of industrial and domestic demands are considered vital by the leader).
Step 2: Multi-objective LFGT model
The followers determine their crop pattern using Nash Bargaining method with planned annual water allocation by the leader as their constraint.
The leader calculates monthly distribution of planned annual water allocation to agricultural and environmental sectors based on the followers crop pattern and monthly distribution of environmental demand, respectively.
The leader calculates agricultural and environmental deficits and final loss of storage based on inflow scenarios.
The leader intends to minimize CVaRs of agricultural, environmental deficits and storage loss all at 95% confidence level and maximize planned annual water to agriculture by changing decision variables.
The leader determines reservoir's operation policy based on selection of an alternative which best serves its interests by a MultiCriteria Decision Making method (TOPSIS).
Fig. 2 Flowchart of the proposed risk-based multi-objective LFG optimization model
The first layer is leader's multi-objective optimization model which is constrained to the second layer; i.e. the followers' bargaining model. Fars Regional Water Authority who has the control of water resources in Fars province and tasked with supplying water to the consumers is considered as the leader in this study, and the five downstream agricultural regions ( Fig. 1) are considered as the followers. As mentioned earlier, the leader tries to maximize the planned allocation to agricultural users while trying to minimize the risk of agricultural water deficit. The followers in turn use the planned agricultural water allocation to reach equilibrium, and consequently determine optimum crop-pattern. In other words, the leader only determines the annual volume of water allocated to agriculture, while the followers determine the monthly allocation. Afterwards, the leader calculates the risk of monthly agricultural water deficit based on water demands of different crops. So, the leader's objectives are constrained to the followers' bargaining model. In the following sections, CVaR and Adjusted Proportional Bankruptcy (APB) method (Curiel et al. 1987) which are used in the leader's model are discussed and then the leader's risk-based multi-objective optimization model and the followers' conflict resolution-based optimization model are discussed.
Conditional Value at Risk (CVaR)
As mentioned earlier, 300 hydrologic projections are considered as probable future drought conditions. If one assumes that these scenarios are equally probable and calculates water shortages to each sectors, this would result in obtaining an expected water shortage are simply loss probability distribution function (it is later denoted by z). Conditional Value at Risk (CVaR) of an expected loss probability distribution associated with decision vector x is defined as the weighted average of losses exceeded certain level of cumulative probability, namely the confidence level. The minimum expected loss exceeding the confidence level is also defined as Value at Risk (VaR) (Rockafellar and Uryasev 2002) . Hence, let z = f(x, y) represent the distribution function of losses associated with decision vector x ∈ X and random vector y ∈ Y, the cumulative distribution function Ψ(x, z) would be defined as Eq. 1 and therefore VaR and CVaR at the α ∈ [0, 1] confidence level can be represented as Eqs. 2 and 3, respectively.
P and E denote probability function and expected value operator, respectively. If a finite number of scenarios (N) represent the random vector y, Rockafellar and Uryasev (2000) proved that minimizing the following function over x and v would result in obtaining the value of CVaR (Khorshidi et al. 2019 ):
where v is equivalent to VaR and p(n) is probability of scenario n.
Adjusted Proportional Bankruptcy (APB) Method
Let EW, C and c i represent the amount of available resources, total claims and individual claim of stakeholder i, respectively. Based on APB method, a value named as λ i is calculated by Eq. 5 which in fact is equal to minimum amount of resources that can be allocated to stakeholder i.
Therefore, in case of C > EW, the allocation to each stakeholder (AL i ) by APB method can be calculated as follows:
The leader's CVaR-Based Multi-Objective Optimization Model
The objective functions of the leader are to minimize CVaRs of agricultural deficits, environmental deficits and final storage loss, and to maximize planned allocation to agricultural users (Eq. 7). Planned allocation to agricultural and CVaR of agricultural deficit are two conflicting objectives of different nature. Planned allocation to agricultural is a deterministic quantity while CVaR of agricultural deficit is a probabilistic quantity. These objectives are conflicting, because if the planned allocation to agriculture is increased it would increase the risk of agricultural deficit. The confidence level α is often considered to be 95% or 99% in risk-based studies, and in this study a α = 95% is selected. 
where ag, en and st denote agriculture, environment and storage, respectively. RD m, n , L n and VW are sector's deficit in month m of scenario n, final storage loss in that scenario and planned annual allocation to agricultural users, respectively. VW is also one of leader's 3 decision variables. The objective functions are dependent on release policy. Hence, in order to calculate the objective functions and monthly release from the reservoir, the leader needs to calculate sum of monthly demands as follows:
where in, d superscripts stand for industrial and domestic sectors while the max subscript in Eq. 9 denotes the maximum environmental demand; RA en , DE m and R P m are ratio of monthly environmental allocation to its demand, demand of the sector and planned release from reservoir in month m, respectively. RA en is the second decision variable of the leader. F(VW ag ) in Eq. 8 states that monthly demand of agricultural users is a function of allocated annual volume of water to the agricultural sector, and is determined by followers' bargaining model. Before calculating deficiencies, two critical questions should be addressed: 1. how is the leader going to avoid future water shortages?, and 2. how does the leader react when shortage occurs? This is done by adopting an adaptive and two static strategies. Since it is expected for the reservoir to operate efficiently in a very dry period for at least 5 years, an allowable annual storage loss for one year (V all ) equal to 150 MCM is selected. This value is slightly less than one-fifth of the reservoir's capacity. The storage loss (L st n ) in Eq. 7 is non-zero only when the storage loss at the end of the year compared to the first month of the year is more than V all . The second static strategy is to limit CVaR st α to less than 50 MCM while CVaR ag α and CVaR en α are limited to 0.2 and 0.7, respectively, in order to prevent irrelevant solutions. Because according to Fars Regional Water Authority, the historical records show that if water deficits of agricultural and environmental sectors, respectively exceed 20% and 70% of their demands at 95% confidence level, it would hugely affect the economy and environment of the region. The third strategy, which is adaptive, is that the leader calculates the maximum possible monthly demands (DE m, max in Eq. 11), and accordingly estimates the ratio of release reduction factor RD st m;n (Eq. 12) through known variables of the capacity of the reservoir (S max ), the storage volume at the beginning and at the end of last month (S m − 1, n and S m, n , respectively) and decision variable CE. 
Equation 12 implies that when the storage approaches the reservoir capacity or the ratio of storage variation to allowable storage loss in the last month is close to the ratio of the month's maximum demand to total maximum demand, the leader operates according to release policy adopted at the beginning of the year without any modifications. RD st m;n is considered to be 0 for the first month. Equation 12 warrants a smooth variation of deficits, by spreading the possible water shortages over the year. Furthermore, to avoid deficits in scenarios in which full supply is possible, a decision variable CE is introduced to Eq. 12 to optimize its effectiveness in spreading possible water shortage over the year. Reservoir release R C m;n in scenario n can be calculated as follows:
where IN m, n , PR m, n and EV m, n are reservoir inflow, precipitation and evaporation from the surface of reservoir in scenario n, respectively. S min is dead storage and AS is the surface area of reservoir. The first term in Eq. 13 is the continuity constraint which takes effect when the storage is less than the release policy. The continuity constraints of the reservoir are defined in Eq. 14 and storage loss in scenario n is calculated by Eq. 15. 
where SP is the spilled water from the reservoir. As mentioned earlier, in case of water shortage, allocations to the agricultural and environmental sectors (AL m, n ) are determined by APB method and then the ratio of each sector's deficiency to its demand is calculated (Eq. 16 to Eq. 18). 
The leader is obliged to supply all of industrial and domestic demands as they are perceived vital needs by the authorities. So, Eq. 19 ensures that in all scenarios the leader can supply at least the domestic and industrial demands, while Eq. 20 and Eq. 21 specify the bounds of decision variables. By introducing Eq. 17 and Eq. 18 the objective functions can be calculated with the aid of Eq. 1 to Eq. 4.
The Followers' Bargaining Model
Nash Bargaining method is a formidable tool for modeling bargaining interactions between parties to find a fair compromise solution when the parties make decisions simultaneously and compete for common pool resources. In simple words, Nash Bargaining is a single objective optimization model as follows:
Subject to:
where g i and d i are value of objective function and non-cooperative point for stakeholder i, respectively. Equations 23 and 24 are model's constraints, ensuring that the objective function of stakeholders be more than their non-cooperative threshold, and the objective functions fall in the criteria set H. g i is the net benefit of i th agricultural region, while d i is the net benefit that can be obtained through minimum acceptable cultivation area for all types of crops in the region i. The net benefits of the users are calculated as follows:
where j denotes the crop type. YL j , PC j , and CS j signify the crop j's yield (kg/ha), price (Rial/kg), and cost (Rial/ha), respectively, and AC j denotes crop j's cultivation area (ha). Cultivation area of crops in each region are decision variables of the followers' model. The model should also include Eq. 26 as leader-follower constraint wherein sum of crop water demands should be equal to the leader's allocated volume.
Where CD i, j, m is j th crop water need (m 3 /ha) in month m and region i. The inequality constraints of the follower's model are maximum and minimum cultivation area (AC i, j, max and AC i, j, min , respectively).
Selecting the most Preferable Alternative by TOPSIS
The final result of a multi-objective optimization model is a tradeoff curve containing a set of optimal points, referred to as pareto-points. Hence, MCDM methods can be applied to select the most desired alternative among the pareto-points based on the decision maker's priorities. In this study we employ TOPSIS to select such scenario. One can find in detail mathematical procedure in Yoon and Hwang (1981) .
Results and Discussion

The Optimization Model's Results
The mathematical model is programmed in MATLAB® software. After executing the model, a pareto-front consists of 21 pareto-optimal points is obtained which are provided in Table 1 and shown in Fig. 3 . The results show that the leader's criteria of maintaining CVaR ag 0:95 ≤0:2, CVa R en 0:95 ≤0:7 and CVaR st 0:95 ≤50 MCM are achieved. These results show the robustness of paretopoints' reservoir operation policies which could relieve climate variability impacts on managing the reservoir. Although, the results mean safe planning in dry periods, they underline the vulnerability of the region's agriculture in its current state in dry periods. The maximum annual agricultural demand based on crops' maximum cultivation area is about 703 MCM while the maximum obtained allocation to agriculture is about 307.1 MCM (~44% of the maximum demand). This shows the insufficiency of available water resources if the region's agricultural practice is maintained in its current form.
For each obtained pareto-optimal point, a corresponding Nash equilibrium point exists in which the benefits of followers in the bargaining process are maximized to the extent possible. The obtained crops' total cultivation area corresponding to the pareto-points in the 5 regions are provided in Table 2 .
While the maximum cultivable area in the five regions is 86,812 ha, the minimum, maximum and average obtained total cultivation area are 21,697, 37,441 and 30,579 ha, which represent 25, 43.1 and 35.2% of maximum cultivable area, respectively. Also, the average of obtained cultivation area are 18, 675, 3273, 1471, 1129, 1265, 2934 and 1832 ha for wheat, barley, canola, sugar beet, grain maize, silage maize and rice, which represent 21.5, 3.8, 1.7, 1.3, 1.5, 3.4 and 2.1% of total cultivable area, respectively. The higher rate of cultivation area for wheat compared to the other crops is due to its lower water needs (Fig.S1) . Although, silage maize and rice have the maximum water needs among the crops, the higher net benefits of these crops has resulted in higher fraction of cultivation area for these crops compared to the others, except wheat and barley. It is worth mentioning that the average optimal cultivation area for silage maize and rice are 61 and 50% of their maximum cultivable area, respectively. However, by variation of the allocated water to agriculture in pareto-points the crop with least water needs (wheat) remains the most sustainable choice among the crops from crop pattern 
TOPSIS Results
In TOPSIS method, the criteria should be weighted according to perception of their significance. The planned allocation to agriculture holds the highest priority for the leader, given socioeconomic considerations. Also, in case of continuous droughts, the selected alternative should bring sustainability to maintain the operation policy beyond one year. Hence, environmental deficit and storage loss are the leader's second and third priorities, respectively. Altogether, a weight of 0.6 is assigned to the planned allocation to agriculture, while weights of 0.1, 0.25 and 0.05 are assigned to the CVaRs of storage loss, environmental deficits and agricultural deficits, respectively. The pareto-points are then ranked by TOPSIS (Table 3) . Based on the assigned weights to objective functions, pareto-point number 2 (Table 1) is selected as most preferable alternative by TOPSIS. The obtained decision variables for this point are EC = 0.2261, RA en = 0.97 and VW ag = 243.6 MCM, respectively. Also, the obtained optimum crop pattern, reservoir operation policy and monthly agricultural and environmental allocations are depicted in Figs. 4 and 5, respectively.
Conclusions
In this paper, a risk-based optimization model is presented for the top to bottom decision making structures with the task of determining optimal reservoir operation policy and crop pattern in potential future dry periods. Although climate variability impose a huge point of uncertainty which can make any operation policy vulnerable, the risk-based approach can increase the robustness of any adopted strategy including reservoir operation and cropping pattern strategy development. The risk-based approach that models the decision making structure not only can increase the robustness of dam operation policies, but also can facilitate the implementation of model's results as shown for the selected case study. Our results show that the proposed management approaches, although efficient for the business-as-usual scenario, are not sufficient for relieving the potential future drought impacts on this region. Under the selected scenario, the water allocation to the agricultural sector in this study is 35% of its demand, which is a sign of vulnerability of the agricultural sector to drought and variability impacts. Crop pattern optimization, as conducted in this study, is one way of reducing these 1st  2  8th  19  15th  4  2nd  17  9th  18  16th  15  3rd  11  10th  1  17th  16  4th  10  11th  14  18th  9  5th  5  12th  21  19th  20  6th  12  13th  7  20th  3  7th  6  14th  13  21st  8 impacts on agriculture, and we propose more proactive measures need to be considered by the farmers and authorities in the region. The current dominant irrigation methods in the study area are traditional with reportedly 35% to 55% efficiency (Madani 2014) , as compared to the irrigation efficiency of about 85% in the countries such as Turkey (Frenken and Gillet 2012) .
Reaching to that level of irrigation efficiency by modernizing the irrigation network and methods, although difficult in practice, translates to much lower agricultural water demands and consequently higher supply ratio. The dominant crops in the study area have relatively high water needs and low yields, and the region already suffers from low productivity as a result of extended droughts in recent years as well as the abovementioned problems. Replacing these crops with the ones with lower virtual water content, and educating farmers and providing the resources needed to modernize the irrigation and cropping methods are inevitable actions to revive the agriculture of the region. The authors would like to express that they are willing to share all codes and models with potential users. We kindly ask the interested readers to contact the corresponding author in this regard.
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